ethanol biomarkers and at employing this method for analysis of postmortem urine samples. Analytes of interest were separated on a ZIC ® -HILIC column (150 × 2.1 mm, 3.5 µm) connected to a Thermo Finnigan LCQ Deca Plus liquid chromatographictandem mass spectrometric instrument operated in the ESIselected reaction monitoring mode. Seventy-nine urine case samples were divided into three groups depending on the ethanol concentration found in blood and analyzed by the developed method: group A with postmortem blood ethanol concentrations higher than 200 mg/100 mL; group B with ethanol concentrations in the range 80-200 mg/100 mL; and group C with ethanol concentrations in the range 10-80 mg/100 mL. ETG and ETS had high recoveries of 98-99%, and the HILIC column produced fine, sharp peak shapes and achieved baseline separation in less than 7 min. Both ethanol markers were detected in all groups with overall median concentrations of 100 and 23 mg/L for ETG and ETS, respectively. It can be concluded that the potential for postmortem production of alcohol increased in the low ethanol concentration group as several cases tested negative for both biomarkers in group C. ETG was detected at low concentrations in some cases for which ETS tested negative. Although ETS is stable after being subjected to many stability conditions, the use of ETS as sole evidence of alcohol ingestion may lead to a false-negative result, as we noticed in groups A and C in the present study. The use of ETG is a more reliable ethanol biomarker. Both ethanol biomarkers should be determined in heavily putrefied cases and when the ethanol concentration in postmortem blood is low.
Introduction
The interpretation of alcohol results for postmortem specimens can be difficult because of the possibility of postmortem production of alcohol, which may take place in the body or in the autopsy samples (1) (2) (3) (4) . The presence of alcohol after death can be interpreted in three ways: antemortem alcohol ingestion; postmortem alcohol synthesis; combination of antemortem alcohol ingestion; and postmortem alcohol formation by microorganisms (3, 5, 6) . Therefore, it is crucial to distinguish between antemortem and postmortem alcohol synthesis in medicolegal cases, and this phenomenon has to be taken into consideration when investigating accidents on the road, sea, or air (7) .
O'Neal and Poklis (2) reported that ethanol is produced both in vivo and in vitro, and 12-57% of alcohol encountered in postmortem cases was attributed to postmortem production. In most cases, production of ethanol after death was found to have no contribution to the cause of death, and less than 12% of ethanol was reported as postmortem ethanol synthesis. An exception to this is in certain situations where alcohol present reached significant levels such as decomposed and heavy putrefied bodies. The percentage of postmortem ethanol synthesis in decomposed bodies was reported to be 20% and as high as 40-50% in less common cases such as aviation or naval accidents. One-hundred percent of ethanol found at autopsy after the USS Iowa disaster was attributed to postmortem fermentation (2, 8) . Therefore, the condition of a body at postmortem examination could indicate whether postmortem ethanol production should be expected.
Determining blood alcohol concentration (BAC) and/or urine alcohol concentration (UAC) is a part of the routine postmortem toxicology analysis (3, 5, 9) . Levine et al. (1) tested 381 cases with BAC in the range 10-40 mg/100 mL. UAC and vitreous humor alcohol concentration (VHAC) were tested where available. In that study, 90% of cases with BAC of 40 mg/100 mL were found positive for UAC and VHAC, whereas only 54% of cases with BAC of 10 mg/100 mL tested positive for UAC and VHAC. They concluded that urine and vitreous humor positive for alcohol decreased with lower concentrations in blood, which may be present as a result of antemortem or postmortem production with about equal probability. In other work, it was mentioned that BAC of 10 mg/100 mL or lower should be reported negative. The level of BAC is considered lower than the limit of quantification (LOQ) of gas chromatography coupled with flame-ionization detection (GC-FID) procedure, which is commonly used for alcohol analysis (1, 10) .
Ethyl glucuronide (ETG) and ethyl sulfate (ETS) are primary ethanol metabolites and have been shown to be useful markers of alcohol consumption for several hours after death or when ethanol itself has been completely eliminated from the body. ETG and ETS are promising biomarkers because they are phase 2 ethanol metabolites, and their excretion profiles have been studied and documented. Also, their standards and internal standards are commercially available and can be detected using a liquid chromatographic-tandem mass spectrometric (LC-MS-MS) method. Both were found specific and sensitive compared to long alcohol biomarkers with longer detection times in urine from 1 to 5 days (11) (12) (13) (14) .
ETG and ETS are very polar metabolites requiring very low percentages of organic modifiers (< 5%) for elution from a conventional reversed-phase column, which results in poor retention, large matrix effects, and low sensitivity in reversedphase LC-MS (RPLC) methods. Post-column addition of organic solvents can enhance electrospray ionization (ESI)-MS-MS response while preserving good chromatographic peak shapes (12, 13, (15) (16) (17) (18) (19) . Recently, hydrophilic interaction chromatography (HILIC) has been introduced as an alternative to RPLC separation of polar compounds. HILIC is suitable for ESI-MS because a high percentage of organic modifiers can be used (up to 95%) without reducing analyte retention (20) (21) (22) (23) .
This work was aimed at developing and validating an LC-ESI-ion trap-MS-MS method for identification and quantification of ETG and ETS as ethanol biomarkers. The second aim was to employ the optimized method for the separation of these polar metabolites for analysis of urine samples obtained at autopsy. In the current study, urine samples were divided into three groups depending on BAC in order to determine if there was any correlation between BAC and ETG or ETS levels in the urine samples.
Methods and Materials

Case samples
Samples of autopsy urine were analyzed using the optimized method as part of the investigation of medicolegal cases involving drug-related deaths submitted to Forensic Medicine and Science at the University of Glasgow. Analyses were repeated after dilution of the blood or urine samples when analyte concentrations were not within the upper calibration range. Seventy-nine urine case samples were divided into three groups depending on the BAC and analyzed by the developed method: group A with BAC higher than 200 mg/100 mL; group B with BAC in the range 80-200 mg/100 mL; and group C with BAC in the range 10-80 mg/100 mL.
Ethanol analysis
Autopsy specimens collected during postmortem examination were stored in the refrigerator until analyzed. The interval between death and postmortem examination differed between cases, within the range of 24 h to several days. Full toxicological analysis was carried out for alcohol by GC-FID, drugs of abuse by using ELISA as the screening method and GC-MS or LC-MS-MS for confirmation, prescribed drugs by using GC-MS or LC-MS-MS for screening and confirmation, and volatile substances by GC-FID.
Certified aqueous solutions of ethanol (10, 25, 50, 80 , 100, 200, 300, and 400 mg/100 mL) and three external aqueous ethanol standards (30, 80, and 300 mg/100 mL, Medichem) were obtained from LGC Promochem (East Greenwich, RI). BAC and UAC were measured in duplicate, and the mean value was calculated. All blood specimens used for BAC analysis were taken at autopsy from peripheral veins (femoral, subclavian, or jugular) and placed in containers containing potassium fluoride (1-2%) as preservative.
Samples were analyzed by GC using a Thermo Finnigan 2000 series trace instrument fitted with an FID and model HS2000 headspace autosampler (Waltham, MA). Separation was achieved using an RXT capillary column (30 m × 0.25-mm i.d. × 0.25 µm). The internal standard was HPLC-grade n-propanol (Sigma Aldrich, St. Louis, MO). The calibration model was linear over a concentration range of 10-400 mg/L, and correlation coefficients (R 2 ) were 0.9999. Limits of detection (LOD) and lower LOQ (LLOQ) were 5 and 10 mg/100 mL, respectively. Intraday and interday precisions were determined at three concentrations (30, 80, and 300 mg/100 mL), and these were found to be 1-3%.
Samples analysis for ETG and ETS
ETG, ETG-d 5 , ETS, and ETS-d 5 were obtained from Lipomed (Arlesheim, Switzerland). Individual working standards were prepared at concentrations of 20, 10, and 1 µg/mL by dilution of the stock solutions (1 mg/mL). Working mixtures of standards and internal standards were similarly prepared.
Following addition of pentadeuterated internal standards for ETG and ETS, 200 µL of acetonitrile was added to 0.1 mL of urine, and the sample was centrifuged at 10,000 rpm. The supernatant was then evaporated before reconstituting with 100 µL of initial mobile phase, and 5 µL was injected to the LC-MS-MS. A Thermo Finnigan (San Jose, CA) LCQ DECA XP Plus ion trap instrument equipped with a surveyor LC system interface was used for this analysis. ETG, ETS, and their internal standards were identified and quantified based on their retention times, precursor ions using selection reaction monitoring mode (SRM), and negative ESI mode. In the case of ETG and its deuterium internal standard, two product ions can be obtained. The MS-MS transition with m/z 221 → 203 (precursor ion → product ion) was used as quantifier ion, m/z 221 → 113 was used as qualifier ion; and m/z 226 → 208 and 226 → 118 were used for ETG-d 5 as quantifier and qualifier ion, respectively. However, a single product ion was obtained with ETS and ETS-d 5 . Therefore, 90% of product ion and 10% of precursor ion were used for the calculation of SRM transition of ETS, in which m/z 125 → 97.5 was used as quantifier ion and 125 → 125 was used as qualifier ion; m/z 130 → 98.5 and 130 → 130 were used for ETSd 5 as quantifier and qualifier ion, respectively. The spray voltage used was 4 and 5 kV for ETG and ETS, respectively. The MS-MS parameters are detailed in Table I .
Chromatography conditions
Analytes of interest were separated on a ZIC  -HILIC column (150 × 2.1 mm, 3.5 µm) protected by a guard column with identical packing material with larger particle size (14 × 1.0 mm, 5 µm/200 Å, Merck SeQuant, Umea, Sweden). Gradient elution used a mobile phase with 5 mM ammonium acetate (A) and acetonitrile (B) at a flow rate of 0.2 mL/min for the first 3 min, increasing to 0.4 mL/min at 4 min, and maintained for the next 3 min. After that, initial flow rate was applied until the end of analysis. The gradient conditions were initially 10% of solution A for 3 min; increasing to 30% at 4 min, to 50% at 12 min before returning to 10% for 8 min prior to the next injection. Two retention segments were used to maximize the sensitivity of analysis: the first segment ran 0-4 min for ETS and ETS-d 5 , the second segment ran 4-8 min for ETG and ETG-d 5 .
Method Validation Linearity
Calibration standards were spiked in urine over the range 0.05, 0.1, 0.25, 0.5, 0.75, 1, 2.5, 5, and 10 mg/mL and extracted using the extraction method described earlier. Calibration curves were plotted by dividing the peak-area ratios obtained at each concentration to internal standards. The correlation coefficient (R 2 ) was obtained for each linear regression curve.
Matrix effects and recoveries
The method described by Matuzewski et al. (24) was used for the assessment of the recoveries (RE) and matrix effects (ME) on ethanol metabolites at three different concentrations 0.1, 0.5, and 2.5 mg/L with five replicates at each concentration point. RE and ME of analytes of interest were calculated by dividing the mean peak-area ratios of product ion of analytes of interest/their internal standards as reported previously (25,26). The effect of endogenous urine matrix components on analyte ionization during LC-MS-MS was assessed by analyzing blank urine obtained from five different sources. Analytes of interest and their internal standards were spiked after extraction at three concentrations (0.1, 0.5, and 2.5 mg/L) and analyzed by the optimized method.
LODs and LOQs
LOD and LLOQ were obtained by extending the calibration curves to the concentration of the expected LOD and LLOQ of analytes of interest. A linear calibration model was established for each analyte of interest at eight concentrations (0.1, 0.2, 0.3, 0.5, 0.75, 1, 2.5, and 5 ng/mL) plus a blank sample. Spiked urine samples were then extracted and analyzed using the developed method. LOD and LLOQ values were calculated as reported previously (26).
Method precision
Five replicate human urine samples (n = 5) were spiked with ETG and ETS at three concentrations (0.05, 0.5, and 2.5 mg/L). The extracts were analyzed using the optimized method on the same day to determine intraassay precision. The interassay precision was measured in a similar manner to the intraassay precision on five different days. Linear calibration curve for ETG and ETS were performed with each run batch.
Stability
Stability was assessed using human urine spiked with ETG and ETS at 1 mg/L (n = 5). Short-term temperature stability at room temperature was investigated using spiked urine stored for 4 and 24 h. Freeze-thaw stability of analytes of interest was determined after four cycles (thawed, left at room temperature for 3 h, then refrozen) on consecutive days. Autosampler stability using reconstituted extracted sample was determined for 48 h after extraction. Long-term stability for analytes of interest for periods of 24 h, 48 h, 1 week, and 1 month at -20°C and 4°C was investigated. Calibration curves were prepared for each batch of samples using standards spiked in Table I human urine at 0.05, 0.1, 0.25, 0.5, 0.75, 1, 2.5, 5, and 10 mg/L plus blank samples.
Specificity
The specificity of the described method was investigated using a mixture of drugs that are routinely detected in forensic toxicology cases (cocaine, benzoylecgonine, cocaethylene, ecgonine methyl ester, nitrazepam, 7-aminoflunitrazepam, chlordiazepoxide, diazepam, oxazepam, temazepam, amphetamine, methamphetamine, methylenedioxyamphetamine, methylenedioxyethylamphtamine, methylenedioxymethamphetamine, codeine, codeine-6-glucuronide, norcodeine, acetylcodeine, hydromorphone, hydromorphone-3-glucuronide, dihydrocodeine, dihydrocodeine-6-glucuronide, naloxone, naloxone-3-glucuronide, buprenorphine, norbuprenorphine, norbuprenorphine-3-glucuronide, buprenorphine-3-glucuronide, oxycodone, noroxycodone, oxymorphone, dihydromorphine, dihydromorphine-3-glucuronide, dihydromorphine-6-glucuronide, and methadone). Samples containing these drugs at a concentration of 0.5 mg/L were extracted and injected at level of 0.5 mg/L to test the effect of the presence of these analytes on specificity and selectivity of the described method.
Results
Method validation
The ZIC-HILIC column was first used for the separation of ETG and ETS, which required optimizing of mobile phase strength, injection volume, and flow rate before applying this method for analysis. In the HILIC guideline book (27) , starting points for method development are recommended, such as using 5 mM of ammonium acetate plus high organic solvent from 40 to 95% and flow rate at 0.1 mL/min for 2.1-mm internal diameter columns. In the currect study, these settings gave good separation of two ethanol biomarkers from the first run. However, ETG was eluted at 14 min, ETS eluted at 3 min, and the column required 15 min for equilibration before the second injection, which resulted in a run time of 30 min. Different injection volumes were investigated at 10, 15, and 20 µL. The sensitivity was good with an injection volume of 5 µL, and the peak started to broaden with more than 15 µL. Therefore, 5 µL was chosen for the remainder of this study.
For acidic and polar metabolites, a pH 6-7 and low buffer concentration at room temperature is recommended (27) . Mobile phase strength was also optimized using different organic percentages and different ammonium acetate buffer concentrations (5 and 10 mM). In addition, the pH of mobile phase was examined at 4.5 and 6.4. No differences in separation or peak shape of ETG and ETS were observed with these two pH values and buffer concentrations. However, changes in the percentage of organic modifier and flow rate were sufficient to change analyte retention. Therefore, 90% of acetonitrile (B) and 10% of 5 mM ammonium acetate (A) were used as a starting point at 0.2 mL/min as flow rate for the first 3 min. A high flow rate of 0.4 mL/min was necessary to achieve separation base line in less than 7 min and then 3 min for column cleaning by increasing the buffer (B) percentage to 50% and then 8 min for column condition before the next injection. The LC chromatogram was divided to two segments for each analyte in order to enhance method selectivity and sensitivity. ETS was eluted first at 1.9 min followed by ETG at 6 min; internal standards for each analyte were used.
The retention behavior of polar analytes using an HILIC phase is commonly the opposite of that observed with RPLC. In this particular application, ETS is released easily from the ZIC-HILIC column, whereas ETG is more strongly retained. A higher flow rate was therefore applied in the latter part of each run to allow short cycle-time for both analytes. As a consequence, ETG was eluted at lower organic modifier content.
In HILIC, very polar analytes are retained more strongly, and buffer concentrations and pH have less of an effect compared to changing the percentages of organic modifier and buffer. The true HILIC mechanistic (partitioning) range is established between 70 and 98% of organic modifier in the mobile phase. Below 70%, other effects become apparent. With the ZIC-HILIC phase, this range can, however, be explored down to 40-50% organic as electrostatic interactions are of a rather weak character and the stationary phase itself is pH-independent (20, 28) . This zone (true HILIC zone) was found to be enough for the polar compounds included in this study to be separated.
Linear regression lines were obtained for ETG and ETS over the calibration range of 0.05-10 mg/L with R 2 values greater than 0.999 for ETG and ETS (n = 10). Low LOD and LLOQ values were obtained using the ZIC-HILIC procedure.
LLOQs of 0.001 µg/mL, which were lower than the method cutoff of ETG and ETS by 1000-and 100-fold, respectively, were obtained (Table I) . This was the advantage of using high organic modifiers compared to an RPLC method.
Method specificity was examined by injecting high concentrations of common drugs and metabolites encountered with real forensic cases: no interference was observed. ETG and ETS had high recoveries of 98-99% using three quality control standards at 0.05, 0.5, and 2.5 µg/mL. The matrix effects were investigated together with recovery experiments in order to determine the true recoveries. Matrix effects were investigated using five different human urine samples, which tested negative for both ETG and ETS. There were no matrix effects observed using three quality control standards at low, medium, and high concentrations of 0.05, 0.5, and 2.5 µg/mL (Table II) .
Percentage relative standard deviations (RSD) were used to assess the intra-and interassay precision of the method for ETG and ETS at three concentrations (0.1, 0.5, and 2.5 µg/mL). RSD values of less than 8% and 11% were observed for intraand interassay precision, respectively. Intra-and interassay accuracy and precision are detailed in Table III. ETG and ETS were stable after being subjected to different storage conditions, including room temperature up to 24 h, during four freeze/thaw cycles, -20°C for long storage periods up to six months, and 4°C for up to one month. These are the most frequently encountered conditions in a forensic toxicology laboratory (Table IV) .
Case samples
The method was used for analysis of ETG and ETS in case urine samples and has been shown to be a useful tool to indicate recent ethanol consumption. Seventy-nine urine samples obtained at autopsy were tested for BAC and UAC using an inhouse GC-FID method. Urine samples were then divided into three groups depending on BAC because in some cases UAC was not determined.
Group A, consisting of 31 cases, had BAC higher than 200 mg/100 mL. The median/mean BAC and UAC were 261/318 and 327/335 mg/100 mL, respectively ( Table V) . All of these samples were positive for ETG and ETS with the exception of one case, which had a negative result for ETS and positive result for ETG. This case had BAC and UAC of 290 and 78 mg/100 mL, respectively. Urinary ETG (UETG) concentration was detected at low concentration (4 mg/L) that was above the ETG cutoff used in this study for ETG (1 mg/L cutoff for ETG). In this case, the ratio of UAC/BAC was very low at 0.27 which may indicate rapid death within 1 h and may indicate that some of the ethanol was still in the stomach (29) . These results also indicate antemortem alcohol ingestion due to the presence of UETG.
In group A, the median and mean UAC/BAC ratios for all cases included were 1.2 and 1.1, respectively. The median UETG and UETS concentrations detected were 181 and 43 mg/L with ranges of 2-1480 and not detected-340 mg/L, respectively. Mean UETG and UETS levels were 333 and 73 mg/L, respectively.
Results from 30 cases testing positive for both UETG and UETS correlated well, with a correlation coefficient of 0.9. Also, the ETG/ETS ratio in group A was 5.3, which meant UETS was approximately 20% of the UETG in postmortem urine. Poor correlations were observed with UETG and both BAC and UAC with correlation coefficients of 0.3 and 0.2, respectively. Similarly, correlation coefficients for UETS were 0.137 and 0.2, respectively. In most cases, high concentrations of UETG and UETS were detected. Only one case had UETG levels lower than 30 mg/L and most UETS levels were higher than the cutoff by a factor of at least 17.
There were 21 cases in group B (BAC in the range 80-200 mg/100 mL) with median/mean BAC and UAC of 146/144 and 197/209 mg/100 mL, respectively (Table VI) . Twenty cases had both BAC and UAC; the median and mean UAC/BAC ratios were 1.5 in all these cases, which also tested positive for UETG and UETS at concentrations higher than the method cutoff for both biomarkers. The median/mean UETG concentrations detected in group B were 102/246 mg/L, respectively, which were lower than that found with group A. The UETG level was higher than 10 mg/L in these 20 cases and ranged from 10 to 750 mg/L. Furthermore, the median of UETS in group B was slightly higher than that of group A, whereas mean UETS concentrations in group B were lower than group A; the median/mean UETS level was 44/60 mg/L. The UETS levels detected in these cases were higher than 1.7 mg/L and ranged from 1.7 to 175 mg/L.
In group B, two cases had BAC of 133 and 180 mg/100 mL but tested negative for UETG and UETS. One of these cases had been left for many hours after death in an outdoor environ- ment and was heavily putrefied, which suggested postmortem alcohol production. In group B, UETG and UETG correlated well with a correlation coefficient of 0.844. The median UETG/UETS ratio was 4.8, which was lower than that of group A and the UETS level was less than 21% of UETG in postmortem urine specimens. In addition, poor correlation was obtained between UETG and both BAC and UAC with correlation coefficients of 0.13 and 0.4, respectively. The same was observed for UETS, which had BAC and UAC correlation coefficients of 0.3 and 0.26, respectively. In group B, case samples positive for UETG were also positive for UETS with concentrations higher than 1 mg/L for both alcohol biomarkers.
There were 27 cases that had BAC in the range 10-80 mg/100 mL in group C (Table VII) ; 19 cases in group C were positive for both alcohol biomarkers. The median and mean UAC/BAC ratio was 1.7 for these cases with median/mean BAC and UAC of 38/39 and 64/56 mg/100 mL, respectively. Median/mean UETG concentrations were found at 127/17 mg/L. Also, a wide range of UETG levels were found with concentrations ranging from not detected to 996 mg/L. However, a lower median concentration of UETS was observed (4.9 mg/L) compared to 43 and 44 mg/L in groups A and B, respectively. In addition, UETS concentrations ranged from not detected to 219 mg/L, which were close to the UETS concentrations in group B.
UETG and UETS correlated well with a correlation coefficient of 0.9. The median ratio of UETG/UETS was 4.5, which means UETS was 22% of UETG in these urine samples. As before, a very poor correlation was observed between BAC, UAC, and both UETG and UETS. Positive cases were higher than the method cutoff, but UETS concentrations below 1 mg/L were noted in two cases whereas the remainder of the cases had UETS higher than 3.5 mg/L.
In group C, three cases tested positive for UETG but not for UETS, and in these cases, BAC was higher than 10 mg/100 mL. These cases were attributed to antemortem alcohol ingestion. In another six cases in group C, both UETG and UETS tested negative, and in these cases BAC was above 10 mg/100 mL and in the range 11-47 mg/100 mL. UAC levels were not detected for three of these cases and ranged between 21 and 76 mg/L in the rest of these cases. The presence of alcohol in these cases may be attributed to postmortem synthesis because UAC was not detected in half of these six cases or was a negative result of both UETG and UETS.
Both ethanol markers were detected in all groups with overall median concentrations of 100 and 23 mg/L for ETG and ETS, respectively ( Figure 1 ). Eight negative cases were attributed to postmortem ethanol synthesis out of 79 cases in which neither UETG nor UETS was detected. Seventy-one cases tested positive for UETG, whereas only 63 cases tested positive for UETS. Using the median concentration for UETG, there was a gradual decrease from high BAC in group A to the low BAC group B and C. The case was different for UETS as the median was the same in groups A and B but noticeably lower in the low BAC group. This was due to the many negative results for UETG and UETS in the low BAC group.
In addition, the BAC and UAC were plotted for the whole group, and a good correlation was obtained with a linear correlation coefficient of 0.85. Moreover, UETG and UETS correlated well with a correlation coefficient of 0.9 for all cases positive for UETG and UETS.
Discussion
Method validation
The object of the current study was at optimizing and validating a ZIC-HILICion trap-ESI-MS-MS method for direct determination of ETG and ETS in urine postmortem samples. Previous methods using conventional RPLC were capable of separating ETG and ETS, but both analytes were eluted near to the void volume and so may be affected by matrix effects. Matrix effects were absent using the current ZIC-HILIC procedure because the HILIC mobile phase contained 70-90% organic solvent, which enhances ESI-MS-MS sensitivity. The ZIC-HILIC procedure, in which the sample is diluted and reconstituted using acetonitrile, was found to be a good alternative to RPLC for the analysis of polar metabolites (30, 31) . The effects of matrix on the ionization of ETG and ETS in LC-ESI-MS-MS after protein precipitation or dilution have been investigated with RPLC methods. In all of these studies, matrix effects were present, which required post-column addition of organic modifiers using RPLC, which was found to minimize the effects of matrices to a range of -10% and -20% (17, 19, 32, 33) . The alternative is to use HILIC phases, which were found to minimize the matrix effects because they contain high organic modifiers (31, 34) . However, in one previous study using solid-phase extraction followed by HILIC-MS-MS for analysis of ETG in hair, matrix effects were reported to be between 20 and 50%. The authors attributed them to hair color and the sample pretreatment procedure (35) .
In the current work, although the LLOQs of the optimized method were very low, at 0.001 mg/L, analyte cutoffs were established at 1 and 0.1 mg/L for ETG and ETS, respectively, to avoid reporting a false-positive result due to the possible consumption of medicine or mouthwash containing alcohol. Politi et al. (19) reported the presence of ETG and ETS in wine at concentrations of 0.15-3.97 and 0.21-39.14 mg/L, respectively. ETG was detected at concentrations up to 3 mg/L after alcohol exposure resulting from mouthwash, but these results were questioned because of the excessive mouthwash use (36) . Other research has reported that after accidental alcohol exposure from mouthwash, the level of ETG ranged from 0.015 to 0.18 mg/L (37). Also, detectable levels of ETG in urine samples were reported after low doses of alcohol (0.5 and 1 g) in the range 0.15-0.35 mg/L (38) .
Although there is no cutoff established yet for ETG and ETS, the use of 0.5 mg/L as a cutoff has been suggested for forensic cases, and 0.1 mg/L as a cutoff for ETS was used in two studies (39, 40) . In the U.S., the cutoff for ETG in urine is in the range of 0.1-1 mg/L (41). In the current study, cutoffs of 0.1 and 1 mg/L for ETS and ETG were used and found acceptable, and positive cases detected in this study were higher than the ETS and ETG cutoffs.
Identification criteria
There is an agreement to using a minimum of three identification points (IPs) for identification criteria as proposed by the EU for drug of abuse confirmation using LC-MS(-MS) (42) . IPs are accumulation points depending on the MS attached to HPLC, whether it is high or low resolution, single or tandem MS. For example, in the case of LC-MS-MS, four IPs can be obtained by determining one parent drug with two of its product ions (43, 44) . Also, it is recommended to measure at least one ion intensity ratio in order to ensure the quality of IPs, and the ratio should not exceed EU criteria (42, 44) . A co-eluted internal standard can be used as another IP (45) . In the current procedure, for greater specificity, the intensity ratios between two product ions at m/z 203 and 113.4, the major product ions for ETG, were calculated and used as the quantifier and qualifier ions, respectively. In the case of ETS, the major product ion and remaining precursor ion were used instead. In the current procedure, both ETG and ETS intensity ratios were constant with calibration curve range and positive case samples (Table I) .
Most LC-MS-MS instruments used for the quantification of both ETG and ETS were single or triple-quadrupole mass analyzers, which provide a sensitive method of determination and quantification ETG (46) (47) (48) (49) (50) (51) (52) and ETS (39, 53, 54) in clinical and forensic application. Until recently, there was only one report of an LC-ion trap-ESI-MS-MS used for the determination of ETG (55) . In the current study, the same ETG fragmentation was obtained as reported by Kaufmann and Alt (55) . ETG (M + 221.3) was broken down to many fragment ions at m/z 203, 157, 129, 113.4, 85, and 75. ETS (M + 125.4) was fragmented to only one product ion at m/z 97.5. Also, ETS-d 5 (130.4) was fragmented to a single product ion at m/z 98.5. In the SOFT/AAFS guidelines (56), the use of two product ions is recommended, but it is also recognized that two product ions are not always obtainable using LC-MS techniques. Although LC-MS-MS is more sensitive and specific and one product ion is acceptable for quantification purposes (56, 57) , a survival precursor ion after fragmentation could be used as a qualifier ion by adjusting the cone voltage. This was examined in the current study and our previous reports (25,58). The ion trap mass analyzer used in this work provided accurate identification and clean MS-MS spectra. The combination of ZIC-HILIC and ion trap mass analyzer provided a low LLOQ for ETG, 300-fold less than a method with the same ion trap mass analyzer reported (55) . This shows the great advantage of using ZIC- HILIC, despite the differences in the type of matrix used in our study and the Kaufmann and Alt study (55) .
Stability
It is known that glucuronide conjugates are broken down to their free form by β-glucuronidase. This enzyme is present in Escherichia coli (E. coli), which is the most common bacterium found in urinary tract infections. Although sulfate conjugates can be cleaved by β-sulfatase, this enzyme is not present in E. coli, which may explain the resistance of ETS against urinary tract infections and lead to the inclusion of ETS as complementary alcohol biomarkers (59) .
The stability of ETG and ETS has been compared, and ETS was found to be more stable and not degraded by bacteria (16, 59) . ETG was reported to be degraded during putrefaction in the corpse, but no formation or production of ETG postmortem has been reported (17, 46, 60) . However, in one study, ETG was formed in urine samples that were infected with E. coli and contain ethanol (61) . In other studies, ETG and ETS were found stable after subjection to different storage conditions: after 24 h in an autosampler tray at room temperature, four freeze/thaw cycles, and up to 21 days at -20°C (13, 32, 33) . The same finding has been found with the current study.
As indicated earlier, ETS was stable under degradative conditions in all studies (16, 59) . However, in one recent study, ETS was degraded by 84% after six days, which should be taken into consideration when dealing with putrefied postmortem cases (62) . In the current study, ETS was not detectable or was negative in some cases in which ethanol and ETG were present. In addition, the metabolism of ethanol via sulfation may be affected by consuming food or alcohol beverages containing ETS, which would lead to a false-positive result for ETS that may be due to low levels of ETS or delayed excretion in urine samples compared to high concentration and relatively more rapid execration of ETG in urine after ethanol intake. 
Case samples
The correlation of BAC or UAC with both ETG and ETS was often poor, which makes the prediction of BAC from ETG or ETS impossible. Also, the rapid clearance of alcohol with differences in distribution and elimination, pharmacokinetic variation, and activity of enzyme is responsible for the metabolism of both ethanol metabolites. A positive correlation between UETG and both BAC and UAC were reported with R 2 values of 0.549 and 0.617 (63) . In addition, R 2 of 0.579 was reported between UAC and normalized UETG in other work (50). Bicker et al. (33) tested 50 postmortem urine cases and found poor correlation between both ethanol biomarkers and BAC or UAC. In the present study, BAC and UAC were poorly correlated in all groups, which was in agreement with Bicker et al. (64) .
This study was concerned with drug-and alcohol-related deaths or driving under the influence of drugs and alcohol. The developed procedure was focused on the interpretation of the concentrations of these polar ethanol biomarkers in which ethanol was significantly involved in the cause of death or impairment. In the U.K., the prescribed limit for alcohol in blood while driving is 80 mg/100 mL. Also, as is well-known, combinations of ethanol and other CNS active drugs can increase the risk of intoxication and death, even with low drug concentrations. The BAC is important in assessing the role of ethanol in causing death where ethanol may increase toxicity as an additive factor, may be involved in cause of death, or at concentrations higher than 300 mg/100 mL could be the cause of death (65) (66) (67) . Some other workers defined high ethanol concentrations as a BAC above 100 mg/100 mL and low ethanol concentrations as a BAC lower than 100 mg/100 mL (68, 69) .
In the current study, urine samples were divided into three groups depending on BAC in order to determine if there was any correlation between BAC and ETG and ETS levels in the urine samples. In the current study, there was overlap between UETG and UETS levels in all three BAC groups. Higher UETG were observed with low BAC as well as median and high BAC groups, which can be explained by a longer half-life in blood and urine than ethanol itself; it also may depend on the number of drinking periods, which are difficult to detect.
Few studies have reported the concentrations of both UETG and UETS in postmortem cases. Most published cases were for living subjects and mostly after controlled administration of alcohol. Eighty-six clinical urine samples tested positive for UETG and UETS, the mean/median concentrations were 77/7.52 mg/L and fell in the range of 0.13-997 mg/L for UETG; and were 18.5/2.86 mg/L and fell in the range of 0.05-264 mg/L for UETS. In that study, three and four urine samples tested positive for only UETS and UETG, respectively (53).
Bicker et al. (33) tested 50 postmortem urine samples and found 48 cases positive for UETG using 0.1 mg/L as the cutoff. The median UETG detected in this study was 98.4 mg/L, ranging from 0.1 to 1348 mg/L; they also reported a median concentration of 27.8, ranging from 0.1 to 220 mg/L for UETS. A method using an electrochemical detector was applied for routine postmortem analysis of 29 cases: BAC was higher than 70 mg/100 mL, and all cases tested positive for UETG with concentrations in the range of 47-1371 µg/mL (63) .
In the current study, UETG and UETS were in the same range as the Bicker et al. (33) study with overall medians of 100 and 23 mg/L and similar ranges, respectively. The UETG/UETS ratios were reported previously. Bicker et al. (33) reported a median of 2, and 1.7 was reported by Helander and Beck (53) . In recent work, Helander et al. (39) reported mean UETG/UETS ratios of 2.5. In the present study, the median was 4.8, which was higher than that reported earlier. This could be interpreted by differences in analysis protocol or differences in population size.
Ethanol was attributed to postmortem synthesis in 8 out of 79 cases in the current study. It can be concluded that the potential for postmortem production of alcohol increased in the low ethanol concentration group as several cases tested negative for both biomarkers in group C. ETG was detected at low concentrations in some cases for which ETS tested negative, suggesting that ETG may have a longer half-life in urine. ETS is formed with a lower concentration than method cutoff or else ETS is unstable. False-positive results for ethanol can occur at any BAC, which makes interpretation of the presence of alcohol more difficult, especially with putrefied cases. In the present study, two putrefied cases tested positive for BAC and UAC, but no ETG and ETS were detected in the urine samples. Although ETS is stable after being subjected to many stability conditions, the use of ETS as sole evidence of alcohol ingestion may lead to a false-negative result as we noticed in groups A and C in the present study. ETG is a more reliable ethanol biomarker, and both ethanol biomarkers should be determined in heavily putrefied cases and when the ethanol concentration in postmortem blood is low.
Conclusions
A sensitive method for direct determination of ETG and ETS in postmortem urine samples was developed and validated. To the authors' knowledge, this is the first report of the determination of ETS using an LC-ESI-ion trap-MS-MS method and the simultaneous determination of ETG and ETS in postmortem urine samples using an HILIC-ESI-ion trap-MS-MS method. There were two disadvantages of current procedure: the relatively long chromatography run time, which was 20 min when using this procedure for routine analysis, and the use of acetonitrile as organic modifier, which is in short-supply and has led to an urgency in finding an alternative solvent that can replace acetonitrile in both RPLC and HILIC phases without affecting method sensitivity and selectivity.
